We investigated the land-snail fauna in gallery forest sites along a 30-km long section of the Muvumba River in northeastern Rwanda. A total of 12,419 individuals assigned to 34 land-snail species were collected in 24 plots. Though the number of species is small compared with protected rainforests in the northern Albertine Rift, gallery forests are important as corridors for colonization for the forest fauna. Despite a strong human impact on the gallery forests, hardly any obviously introduced species were recorded. The composition of the snail assemblages was significantly affected by elevation, depth of leaf litter and the presence of dead wood. The high median abundances of the snails in the gallery forests, which are among the highest recorded from forests in the northern Albertine Rift, are probably the result of a higher average soil calcium content in these gallery forests, caused by flooding. The significant increase of land-snail species richness with elevation might be the result of a higher input of calcium into the upper part of the study area.
INTRODUCTION
In East Africa, about 83% of the land-snail fauna is restricted to evergreen forests (Verdcourt, 1972) . The land-snail faunas of evergreen forests in East Africa have been intensively investigated in the two past decades (Tattersfield, 1996 (Tattersfield, , 1998 (Tattersfield, , 2006 Emberton et al., 1997; Seddon et al., 2005; Wronski & Hausdorf, 2008 , 2010 Boxnick et al., 2015; Wronski et al., 2016) . Evergreen forests currently cover only around 6% of the terrestrial surface in East Africa, and their area is still decreasing. Outside protected areas the forests decreased on average by 9.3% between 2001 and 2009 (Pfeifer et al., 2012) . The decrease of forests is most severe in the (previously) forest-rich countries, Uganda and Rwanda. However, forest snails occur not only in the few remaining continuous forest areas. Rather, smaller stands may be sufficient for maintaining some of the forest species and may act as stepping stones for recolonization. In particular, gallery forests that border larger rivers even in semi-arid or arid landscapes may function as corridors for colonization and migration between forest fragments (Verdcourt, 1972; Horáčková, Podroužková & Juřičková, 2015) and probably acted as important refugia for tropical forest biotas during arid climatic phases (Meave et al., 1991; Meave & Kellman, 1994) .
Despite their potential importance for conservation, we know little about the diversity and composition of the land-snail fauna of gallery forests in the tropics. Pilsbry & Bequaert (1927) stated that gallery forests contain the snail fauna of the rainforests, but in a somewhat impoverished condition. They reported an exceptional abundance of land snails in a gallery forest at the Rutshuru River near Rutshuru in the Democratic Republic of the Congo and attributed this to a high concentration of lime in the soil. However, no quantitative data about snail richness or abundance in tropical gallery forests are available. The environmental variables that influence these variables have not been investigated thus far.
We studied the land-snail fauna in gallery forest sites along the Muvumba River in northeastern Rwanda, to compare its diversity and composition with those of other forests in the Albertine Rift (Wronski & Hausdorf, 2008 , 2010 Boxnick et al., 2015; Wronski et al., 2016) and to investigate the environmental variables that determine the composition of snail assemblages in different zones within the studied gallery forests.
MATERIAL AND METHODS

Study area and sampling
The Muvumba River flows through the Mutara Rangeland in the District of Nyagatare in northeastern Rwanda (Fig. 1) . It is a tributary of the Kagera River that forms part of the upper headwaters of the Nile. Most of Nyagatare District is covered by open grasslands and savannah woodlands. However, the Muvumba River is bordered by a gallery forest varying in width from about 50 m to more than 600 m. The structure of the gallery forest along the Muvumba River resembles that of gallery forest in the Tana River floodplain described by Hughes (1988) . There is a closed-canopy evergreen forest adjacent to the river. With increasing distance from the river this changes first into open-canopy acacia forest (dominated by the dry-adapted acacia Vachellia kirkii) with shrubs and then open-canopy acacia forest with grass.
We investigated the land-snail fauna in 24 plots, each 20 × 20 m, in the gallery forest along a 30-km long section of the Muvumba River, mainly north of Nyagatare ( Fig. 1 ; Supplementary Material Table S1 ), in February 2014. All living slugs and snails as well as their empty shells were collected from the vegetation and the ground for one person-hour at each plot. Additionally, samples from the shrubs and litter samples were taken at each plot. The understorey vegetation was beaten over plastic sheets and the falling leaves, twigs and fine material were bagged. About 5 l of leaf litter and surface soil were also sampled into plastic bags. The samples from the shrubs and the litter samples were sun-dried, fractioned by sieving and sorted. The material is kept in the Zoological Museum at the University of Hamburg, Germany.
The positions of the plots were determined with GPS, and several environmental variables were recorded in each plot (Supplementary Material Table S1 ): occurrence of flooding (never flooded or at least sometimes flooded); canopy cover (measured using a densitometer); depth of leaf litter; the presence of dead logs or larger pieces of wood (no rocks or stones were present in any of the sampling plots); distance to the nearest human activity (e.g. cattle grazing, wood cutting, charcoal making). In addition, the elevation of the plots was determined in Google Earth, and the soil pH was acquired from the SoilGrids250m map (http://www.isric.org/ content/soilgrids; Hengl et al., 2014) .
Species identification
The sampled specimens were sorted into morphospecies, classified into genera and subsequently compared with all species of the respective genus known from Rwanda or neighbouring countries, mainly based on compilations by Pilsbry (1919) and Verdcourt (2006) . Identification was based on original descriptions or, if available, on revisions (see Boxnick et al., 2015) .
Tests for metacommunity structure
We tested whether the sets of occurrences of individual species in the gallery forest form clusters using Monte Carlo simulations with the 'prabclus' package (Hausdorf & Hennig, 2007; Hennig & Hausdorf, 2012) for the statistical software R (R Core Team, 2012) . We considered the spatial autocorrelation of the occurrences of a species by classifying plots within a perimeter of 3 km as neighbours in the null model for the simulations.
Putative determinants of species richness and community composition
For comparison of species richness between plots within the gallery forest in the Muvumba floodplain and between the gallery forest and other forests in the Albertine Rift and the adjacent Lake Victoria forest belt (data from Wronski & Hausdorf, 2008 , 2010 Boxnick et al., 2015; Wronski et al., 2016) , we calculated the Chao1 estimator of species richness (Chao, 1984; Colwell et al., 2012) based on abundance data, using iNext online (Hsieh, Ma & Chao, 2013) .
We assessed the importance of the environmental variables for determining the distribution of species and the composition of assemblages by fitting them onto an ordination plot using the 'vegan' package (Oksanen et al., 2013) for R (R Core Team, 2012) . The ecological similarities between species and between assemblages were explored by a nonmetric multidimensional scaling of quantitative Kulczýnski distances (Faith, Minchin & Belbin, 1987) between the abundance data, using the function metaMDS. The goodness of fit of the environmental variables was computed with the function envfit.
Significance of the fit was tested based on 9,999 permutations.
In addition, we analysed the relationship between the Chao1 estimates of species richness and the measured environmental variables (Supplementary Material Table S1 ) within the gallery forests using generalized linear models, which were calculated with the function glm of the 'stats' package of R. To correct for overdispersion, we used a Quasipoisson error structure. As there was no indication of other than linear responses, a linear term of each variable was included into separate models and the significance was tested using the F-test.
RESULTS
In total, 12,419 individuals assigned to 34 land-snail species were collected in 24 plots in the gallery forest along the Muvumba River (Supplementary Material Table S2 ). The number of specimens per plot varied between 153 and 1,766 (median 412). Species richness per plot ranged from 10 to 25 (median 14). Species richness is not correlated with the number of specimens per plot (Pearsons's correlation R = 0.128, df = 22, P = 0.551). The Chao1 estimates of species richness per plot ranged from 11 to 34 species and for the whole gallery forest the estimate was 38 species.
The most species-rich families were Achatinidae (including subulinids) (six species), Streptaxidae (five species) and Valloniidae (five species), representing 47% of all recorded species. Thirty-one (91%) of the species were known previously from Uganda, 15 (44%) from Tanzania, 20 (59%) from Kenya and 17 (50%) from the D.R. Congo. Some of the species could not be identified with named species. However, Streptostele (Varicostele) species A is apparently the only species that has not yet been recorded from the Albertine Rift.
Thirteen (38%) of the 34 land-snail species recorded in the gallery forests were found in samples beaten from the shrubs (Supplementary Material Table S2 ) and, thus, have at least a partly arboreal lifestyle. However, if we count only those species of which more than 5% of the individuals have been found in the shrub samples, only five species (15% of all recorded species) meet this category. All Pupisoma species, which are known to be predominantly arboreal, were found in shrub samples. However, the percentage of the individuals found in the shrub samples differs strongly between species. Whereas 99.2% of the individuals of Pupisoma (Ptychopatula) species A and 42.9% of the individuals of P. (Pupisoma) species A were found in the shrub samples, less than 10% of the individuals of the other Pupisoma species were from the shrub samples. More surprisingly, high percentages of the individuals of Punctum ugandanum (Smith, 1903) (87.2%) and Truncatellina pygmaeorum (Pilsbry & Cockerell, 1933 ) (22.8%) were also found in the shrub samples, indicating an arboreal or at least partly arboreal lifestyle.
The sets of occurrences of the land-snail species in the gallery forest are not significantly clustered (P = 0.573). The occurrence patterns of the species and the assemblage compositions were significantly affected by elevation, depth of leaf litter and dead wood (Table 1) .
Using generalized linear models we found that species richness in the gallery forest plots is significantly related to elevation and the presence of dead wood (Table 1) . However, the estimated regression parameter of the presence of dead wood is not significantly different from zero if both variables are included in one model.
DISCUSSION
Species richness in comparison with other East African forests
Our study of gallery forests along the Muvumba River in northeastern Rwanda resulted in 34 observed land-snail species and an estimated total richness of 38 species. The median number of species per plot is low and because there is little variation in species composition along the 30 km of the Muvumba valley that we sampled, the total number of species is also low in comparison with the rainforests in protected areas in the Albertine Rift, which have an estimated richness of between 36 and 112 species (Table 2) . It is not surprising that the gallery forest is at the lower end of the diversity spectrum of forests in this region given the small size of the forest, its rather uniform habitat at an almost invariant elevation and the strong human impact. Actually, the estimate of species richness for the gallery forest along the Muvumba River is lower than for any of these forests except Matiri Central Forest Reserve in Uganda.
So far only occasional observations about the land-snail fauna of gallery forests in sub-Saharan Africa or elsewhere in the tropics have been available. Pilsbry & Bequaert (1927) reported 24 species from a gallery forest by the Rutshuru River near Rutshuru in the D.R. Congo. However, the total fauna of that forest certainly included many more species since minute species are missing from the list.
The systematic investigation of the arboreal habitat by beating samples from shrubs in each plot revealed that a minimum of 38% of the found species has an at least partly arboreal lifestyle. Only a few studies have investigated the snail fauna of the arboreal habitat systematically. De Winter & Gittenberger (1998) reported that 42 (51%) of 82 species in a rainforest in Cameroon can be found at least partly on trees. Solem, Climo & Roscoe (1981) found only 14 (23%) out of 60 species in the arboreal habitat in species-rich bush in the temperate zone in New Zealand. As noted by de Winter & Gittenberger (1998) , the disproportionately high number of species living in arboreal habitats of tropical rainforests contribute to their overall high diversity. Boxnick et al. (2015) . † Data from Wronski & Hausdorf (2008 , 2010 . ‡
Data from Wronski et al. (2016).
Tattersfield (1996) reported a forest-edge fauna from Kakamega forest in Kenya, which differed from the fauna of continuous forest in composition and was either found in riverine forest or in smaller forest blocks. None of those species reported to occur more frequently in the riverine fauna than in continuous forest was found at the Muvumba River. The gallery forests at the Muvumba River and the Rutshuru River have only Ischnoglessula cruda (Pilsbry, 1919) and Gulella disseminata (Preston, 1913) in common. These species can also be found in other forests. Thus, there are apparently no widespread species that are characteristic for gallery forests in Central/East Africa. Rather, the gallery forests are inhabited by an impoverished fauna of neighbouring rainforests, as already stated by Pilsbry & Bequaert (1927) . Nevertheless, these forests may have an important function as corridors for colonization and gene exchange, as has been suggested also by other authors (Verdcourt, 1972; Horáčková et al., 2015) . Currently, the gallery forests along the Muvumba River are not suitable for the dispersal of Afromontane species, because these are restricted to cooler habitats at higher elevations. However, during the Pleistocene glacials the lower distributional boundaries of such species were shifted downwards with the temperature zones (Flenley, 1998) , so that the gallery forests probably could also support the dispersal of Afromontane species.
In contrast to disturbed habitats in Southeast Asia or South America (Hausdorf, 2002; Schilthuizen et al., 2005; Nurinsiyah et al., 2016) , hardly any obviously introduced species were recorded in the study area, despite a strong human impact. Possible exceptions are Paralaoma servilis (Shuttleworth, 1852), a presumed cosmopolitan species, and Kaliella barrakporensis (Reeve, 1852), a South and East African-South Asian species, the native range of which is unknown.
High abundances in gallery forests and its cause
In contrast to the low species richness, the abundances of most snail species in the studied gallery forests are extraordinarily high compared with most other forests in the Albertine Rift or elsewhere in Africa (Table 2 ; Seddon et al., 2005) . With 412 specimens per plot, the median number of individuals per plot is the second highest recorded in the Albertine Rift so far, only exceeded by the Kibale National Park ( Table 2 ). The high number of specimens is not the result predominantly of an accumulation of old shells, because most of the sampled shells were fresh or collected alive. An unusually high abundance of land snails in a gallery forest in Congo has previously been reported by Pilsbry & Bequaert (1927) , but they did not provide a quantitative measure. They attributed the exceptional abundance of land snails to a high concentration of lime in the soil. Unfortunately, we do not have direct measurements of the calcium concentration in the soil. However, the average pH value of the soil, which is usually correlated with the calcium concentration, is 6.1 in 250-m grid cells including the sampling plots along the Muvumba River (N = 24), whereas it is 5.4 in sampling plots in other forests in the Albertine Rift (N = 150; Wronski & Hausdorf, 2008 , 2010 Boxnick et al., 2015; Wronski et al., 2016) . Although the value for the gallery forests might be an overestimate, because it also includes adjacent areas not covered by forest, the large difference from other forests supports the suggestion that the high abundance of land snails in gallery forests in East Africa may be affected by the increased calcium concentration in these forests, caused by flooding.
Individual distributions and the relevant environmental variables
We tested whether there are characteristic associations of the land-snail species in different habitats in the gallery forests along the Muvumba River (e.g. evergreen forest at levees, acacia forest with shrubs, acacia forest with grass, frequently flooded areas near oxbows; see Hughes, 1988) . In each of these habitats, several plots were sampled (however, some plots represent transitions between habitats). The lack of clustering of the sets of occurrences of the species indicates that there are neither characteristic association of land-snail species in the different habitats found perpendicular to the river nor along the investigated reach of the river. It seems that each species responded individually to various environmental parameters. Elevation, depth of leaf litter and the presence of dead wood were the most important environmental variables affecting the occurrence patterns of the snail species and the assemblage composition in the gallery forests (Table 1) . Elevation and nutrients (corresponding to leaf litter) were also found to shape the species composition of land-snail assemblages in floodplain forests in the Elbe drainage basin in the Czech Republic (Horáčková, Horsák & Juřičková, 2014) . Horáčková et al. (2014) also identified light conditions as an important parameter influencing species composition, whereas canopy cover (determining the light that reaches the forest floor) had no significant impact on the composition of the snail assemblages in the Muvumba valley.
Determinants of species richness variance
Land-snail species richness in the studied gallery forest along the Muvumba River increased significantly with elevation (Table 1 ). An increase of species richness of land-snail assemblages in floodplain forests with elevation was also observed in the Elbe drainage basin in the Czech Republic (Horáčková et al., 2014) . Since the elevation of the sampled plots in the Muvumba valley varied only between 1,330 and 1,360 m above sea level, elevation is certainly not a proxy for climate in this case. Rather, we suppose that the higher species richness of plots in the upper part of the study area might be caused by a higher input of calcium from the headwaters of the river, by changes in the flooding dynamics along the floodplain and/or by the proximity of the Buymba escarpment (which was once forested).
SUPPLEMENTARY MATERIAL
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